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We present the first experimental demonstration of confined microfluidic droplets

acting as discrete negative resistors, wherein the effective hydrodynamic resistance

to flow in a microchannel is reduced by the presence of a droplet. The implications

of this hitherto unexplored regime in the traffic of droplets in microfluidic networks

are highlighted by demonstrating bistable filtering into either arm of symmetric

and asymmetric microfluidic loops, and programming oscillatory droplet routing

therein. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819276]

I. INTRODUCTION

Droplet microfluidics involves the ordered formation and transport of immiscible liquids as

droplets in engineered microchannels. Driven by a number a unique advantages caused by

microscale confinement, droplet microfluidics has elicited significant research interest over the

past decade, and has shown much promise in chemical and biological analytics, colloidal and

chemical synthesis, and drug discovery.1–6 Integration of multiple functionalities in a single

platform and increasing device throughputs through parallelization often result in devices with

a highly complicated network of microchannels.7–9 Engineering droplet flows in such devices is

challenging; the traffic of a train of identical droplets through the most rudimentary microchan-

nel network consisting of a single bifurcation or loop can exhibit complex behavior characteris-

tic of non-linear dynamical systems.10–15 Therefore, the ability to understand, predict, and

control the traffic of droplet ensembles in microchannel networks is invaluable to the design

and robust operation of multiplexed, multifunctional droplet microfluidic devices.

A droplet train can be viewed as a flow of discrete resistors where each droplet modifies

the effective hydrodynamic resistance to flow of a microchannel.10–18 The complex non-linear

dynamics of droplet traffic in microchannel networks is primarily due to this discrete nature of

the flow. Each droplet that arrives at a microfluidic junction, if it does not break up or interact

with adjacent droplets, gets routed into the arm which has, at that instant, a higher rate of flow

into it.10–18 Thus, droplet routing at microfluidic junctions is governed by hydrodynamic resis-

tances of downstream channels, which in turn vary dynamically with the entry and exit of each

droplet. Such hydrodynamic feedback implies that the path taken by a given droplet through a

microfluidic network is inextricably linked to the paths traversed by the previous ones, thus, the

traffic of droplet ensembles in microchannel networks can exhibit highly complex dynamics.

Crucial to elucidating such dynamics is the precise quantification of how droplets modify the

effective hydrodynamic resistance of a microchannel. Furthermore, an ability to predict the

hydrodynamic resistance of droplet filled microchannels is essential to engineer facile strategies

to regulate droplet traffic in microfluidic networks, be it using active methods that rely on exter-

nal actuation,19–23 or passive ones that rely purely on elegantly designed microfluidic

circuitry.16,24–27
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Thus far, all experimental investigations and theoretical treatments of droplet traffic in

microfluidic networks have exclusively focused on the case where droplets increase the effec-

tive hydrodynamic resistance of the microchannel, acting therefore as discrete positive

resistors.10–18 While regimes where the inner phase lowers the resistance to flow have been

previously accessed in gas-liquid systems,28,29 such regimes have not been explored yet in

liquid-liquid droplet microfluidic flows. In fact, the most widely used models to describe droplet

traffic explicitly assume the effective resistance added by droplets to be a constant, independent

of droplet size and speed.11–13,30 In contrast, in this paper, we show that low viscosity confined

microfluidic droplets, above a threshold speed of propagation dependent solely on their length,

start acting as discrete negative resistors, wherein droplets decrease the effective hydrodynamic

resistance of the microchannel. Furthermore, we highlight an important consequence of this

hitherto unexplored regime by showing that an incoming droplet train can sort entirely and

exclusively into either arm of both symmetric and asymmetric microfluidic junctions. Such

bistable filtering is both interesting and previously unforeseen; with droplets acting as discrete

positive resistors the only possible filtering is into the shorter arm of an asymmetric junc-

tion.17,18 Additionally, we exploit the existence of bistable filtering to regulate droplet traffic at

microfluidic junctions.

II. RESULTS AND DISCUSSION

In our experiments, we worked with an immiscible liquid-liquid system consisting of an

ionic liquid as the continuous phase (viscosity l ¼ 0:022 Pa:s) and water as the dispersed phase

(viscosity kl ¼ 0:001 Pa:s). The ionic liquid, 1-ethyl-3-methyl-immidazolium bis(trifluorome-

thylsulfonyl)imide ([EMIm][NTf2]), was specifically chosen because it spontaneously spread on

the microchannel surface fabricated out of poly(dimethylsiloxane) (PDMS) in the presence of

water and was able to form ordered droplets of water in the absence of surfactants. The interfa-

cial tension between the liquids was r � 0:01 N=m. The ionic liquid used dissolves a finite

amount of water (approximately two weight percent at ambient conditions), thus, prior to it

being used in experiments, the ionic liquid was saturated with water.

A. Hydrodynamic resistance of a microchannel filled with droplets

We first experimentally measured the hydrodynamic resistance (Rn) of a microchannel

filled with n water droplets of length lD, separated by ionic liquid slugs of length lS, and trans-

lating with a speed U. The pressure drop across the microchannel DP was directly measured,

and subsequently Rn was calculated as DP=Q, where Q is the total rate of flow through the

microchannel.

DP is typically modeled as the sum of pressure drops across all the droplets and continuous

phase liquid slugs,17,18,31,32 thus, Rn can be written as

Rn ¼ R0½1� /� þ nRD; (1)

where R0 is the hydrodynamic resistance of the microchannel completely filled with the contin-

uous phase. For channels of rectangular cross-section where h < w, R0 is given by33

R0 ¼ 12 lL

½h3wð1� 0:63h=wÞ� ¼ aL; (2)

/ ¼ nlD=L is the fraction of the microchannel occupied by droplets and RD is the resistance to

flow of a single droplet moving with a speed U. The hydrodynamic resistance of the portion of

the microchannel without droplets, R0½1� /�, is approximated here with the assumption that

flow is fully developed across the lengths of all the continuous phase liquid slugs, a reasonable

assumption at low Reynolds numbers (Re ¼ hUq=l, where q is the density of the continuous

phase), such as those accessed in our experiments (Re < 1).17,18,32 Another implicit assumption

in the model for Rn is that the relative speed between the droplet and the surrounding
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continuous phase is negligible; we find that our measurements of U are within 10% of Q/A,

thus, confirming the validity of this assumption.34

It is illustrative to recast the expression for Rn as

Rn ¼ R0 � nalD 1� RD

alD

� �
: (3)

Here, alD is the hydrodynamic resistance of a microchannel of length equal to the droplet

length filled completely with the continuous phase, or in other words, the resistance to flow

originally contributed by the segment of continuous phase liquid displaced by the presence of

the droplet. From the above expression, it is evident that the effective change in the hydrody-

namic resistance of microchannel caused by the presence of a single droplet is given by

�alD½1� RD=ðalDÞ� or RD � alD. The relative magnitudes of RD and alD determine if droplets

increase or decrease the resistance to flow. It can be clearly seen that droplets will act as nega-

tive resistors and reduce the hydrodynamic resistance of a microchannel when RD=ðalDÞ < 1.

RD in turn can be written as RD ¼ DPD=ðUwhÞ, where DPD is the pressure drop across a

droplet moving with a speed U. DPD typically has two contributions, one due to the capillary

pressure jumps across the liquid-liquid interfaces at the droplet front and rear, and the other

due to the viscous dissipation along the length of the droplet.31,35 The latter scales as

klUlD=h2;31,35 whilst the former depends on flow induced perturbation of the liquid-liquid

interfaces at the droplet front and rear. The shapes of the front and rear end caps of the droplet

are identical when the droplet is at rest. In cases where the continuous liquid completely wets

the channel wall, once the droplet is set in motion, a film of the continuous phase liquid is de-

posited around the droplet. Film deposition at the front of the droplet and drainage at the rear

of the droplet perturb the shapes of front and rear end caps of the droplet differently. This

causes a net difference in the capillary pressure jumps across the liquid-liquid interfaces at the

droplet front and rear. This difference in the capillary pressure jumps depends on the thickness

of the continuous phase liquid film encapsulating the droplet, and at low capillary numbers

scales as �ð2r=hÞCa2=3, where Ca ¼ lU=r is the Capillary number.31,35–37 Thus,

DPD �
2r
h

� �
Ca2=3 1þ k

Ca1=3lD

h

� �
; (4)

when kCa1=3lD=h� 1, the viscous contributions can be ignored and

DPD �
2r
h

� �
Ca2=3: (5)

In gas-liquid microfluidic segmented flows, where the gas phase viscosity can be readily

neglected (k� 1), models similar to that given in Eq. (5) have been used to successfully

quantify the pressure drops across bubbles translating through both circular capillaries38 and

rectangular microchannels.29 Furthermore, in liquid-liquid systems, models similar to that

given in Eq. (4) have accurately predicted the experimentally measured pressure drops

across confined droplets translating through circular capillaries.35 Thus far though, experi-

ments with droplet transport in rectangular capillaries at high capillary numbers have been

inconclusive.39,40

We first check the validity of the model for DPD in droplet transport through rectangular

microchannels, specifically in the case where the viscous contributions in the droplet can be

ignored. In our experiments, k � 0:05; Ca 2 ½10�4 � 10�2� and lD=h 2 ½3� 8�, therefore,

kCa1=3lD=h is always � 1. Furthermore, when k� 1, as is the case here, droplets essentially

behave like an inviscid bubbles and the thickness of the deposited film in droplet transport will

not be affected by droplet viscosity, and thus, the magnitude of the capillary contributions to

DPD should be identical to that of an inviscid bubble.41 From our experimental measurements

of DP, we calculate DPD,
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DPD ¼
DP

n
� 12lUlS

h2½1� 0:63h=w� : (6)

Our experiments show that

DPD ¼ 4:36
2r
h

� �
Ca2=3 (7)

and is independent of droplet length [Fig. 1(c) inset]—this compares favorably to the theoretical

prediction of Wong et al. for bubble transport in a microchannel of rectangular cross-section

with w/h¼ 2.37

Now, with RD ¼ 4:36ð2r=hÞCa2=3=ðUwhÞ, the hydrodynamic resistance of a rectangular

microchannel filled with n droplets can finally be written as

Rn ¼ R0 � nalD 1� 0:54
h

lDCa1=3

� �
: (8)

The above equation can further be simplified by noting that R0 ¼ aL

Rn ¼ a L� nlD 1� 0:54
h

lDCa1=3

� �� �
: (9)

Crucially, it can be seen that the experimentally measured RD < alD when 0:54hl�1
D Ca�1=3 < 1

[Fig. 1(c)]. Droplets thus act as negative resistors above a threshold capillary number

FIG. 1. (a) Sketch of the experimental setup for measurement of the effective hydrodynamic resistance to flow of a micro-

channel filled with n droplets, Rn. (b) Micrograph of water droplet flow in a microchannel filled with the ionic liquid, ab-

sence of contact lines indicates that the water droplets are completely encapsulated with an ionic liquid film. (c) Inset: The

pressure drop across confined droplets in rectangular microchannels agrees reasonably well with the theory for inviscid

bubbles. Here, lD=h 2 ½3� 8� and lS=h 2 ½5� 50�. (c) Comparison of the magnitudes of RD and alD. The effective change

in the hydrodynamic resistance of microchannel caused by the presence of a single droplet is given by RD � alD.

Experimentally measured RD is less than alD and droplets therefore should act as discrete negative resistors when

0:54hl�1
D Ca�1=3 < 1. (d) It is indeed seen that when 0:54hl�1

D Ca�1=3 < 1 the experimentally measured hydrodynamic resist-

ance of a microchannel filled with n droplets, Rn is less than that of a microchannel devoid of droplets, R0.
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CaT ¼ 0:54
h

lD

� �3

: (10)

When droplets act as negative resistors the hydrodynamic resistance of a microchannel filled

with droplets should be less than that of a microchannel devoid of droplets and filled entirely

with the continuous phase liquid. Our experimental measurements illustrate that indeed Rn < R0

when Ca > CaT [Fig. 1(d)].

B. Bistable filtering of droplets at a microfluidic junction

We now demonstrate an interesting and unexpected implication of confined microfluidic

droplets acting as discrete negative resistors during their traffic through microchannel networks.

Each droplet that arrives at the inlet of a microfluidic junction, if it does not break up or inter-

act with adjacent droplets, will get directed into the arm that has the highest flow rate at that

instant.10–18 When droplets act as positive resistors an incoming train can only filter into the

shorter arm of an asymmetric microfluidic loop.17,18 Therein, with droplets increasing the resist-

ance to flow, the filter regime is accessed if the number of droplets in the shorter arm is below

a threshold; the shorter arm then has a lower hydrodynamic resistance and consequently a

higher rate of flow into it. This is achieved when the incoming droplet train has a high dilution

(large inter-droplet distance). Decreasing the dilution of the incoming train increases the num-

ber of droplets in the shorter arm and consequently increases its hydrodynamic resistance. At a

certain low dilution, the hydrodynamic resistance of the droplet filed shorter matches that of the

empty longer arm and any further decrease in the dilution of the incoming train results in the

droplets being distributed between both the arms of the junction.

In contrast, when droplets act as discrete negative reactors they can stably filter into either

arm of symmetric and asymmetric loops. As incoming droplets get directed into the arm with

the higher rate of flow into it, or conversely, a lower hydrodynamic resistance, a droplet train

will filter at a microfluidic loop if Rni
i , the hydrodynamic resistance of arm i filled with ni drop-

lets moving with a speed Ui, is lesser than that of the other arm completely devoid of droplets.

A train of monodisperse droplets of length lD, inter-droplet distance lS, and speed of propa-

gation U0 will filter into one of the arms, say arm 1, of a symmetric microfluidic loop (with

arms of identical lengths L1 ¼ L2), if Rn1
1 < R0

2. From Eq. (9), we have the condition for filter-

ing into arm 1 of a symmetric junction

L� n1lD 1� 0:54
h

lDCa
1=3
1

 !
< L: (11)

From the above equation, it is clear that the droplet train will filter into arm 1 if

0:54hl�1
D Ca

�1=3
1 < 1, or Ca1 > CaT , in other words, when droplets act as negative resistors as

they translate through arm 1 of the symmetric junction. It can be further seen that Ca1 > CaT

the incoming train will filter into arm 1 irrespective of the number of droplets in arm 1. Indeed,

if the very first droplet of the incoming train enters arm 1 of the otherwise empty microfluidic

loop (filled only with the continuous phase) with a speed U1 ¼ 0:5U0 high enough such that it

acts as a negative resistor, the entire train will filter into arm 1; each successive droplet that

enters arm 1 will contribute to a further decrease in the resistance of arm 1, thus, at steady

state, Rn1

1 < R0
2. When the incoming train is filtering into arm 1, the speed of propagation of the

droplets through arm 1, U1 > 0:5U0, therefore, the critical capillary number of the incoming

train required for accessing the filter regime in symmetric junctions is given by Casym ¼ 2CaT .

We have previously shown such transitions with confined microfluidic bubbles.29

Interestingly, in asymmetric microfluidic loops with arms of unequal lengths (L2 ¼ dL1,

where d > 1), the incoming train will filter into the longer arm if the droplet filled longer arm

has a lower hydrodynamic resistance, Rn2

2 < R0
1. Again from Eq. (9), we have the condition for

filtering into the longer arm of an asymmetric junction
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dL1 � n2lD 1� 0:54
h

lDCa
1=3
2

 !
< L1: (12)

From the above equation, it is clear that for the droplet train to filter into the longer arm not

only should the droplets act as negative resistors as they translate through longer arm,

0:54hl�1
D Ca

�1=3
2 < 1, or Ca2 > CaT , but also at steady state the number of droplets in longer

arm, n2, should be greater than a threshold. When the incoming train filters into the longer arm,

the flow rate into it is larger, thus, U2 > 0:5U0. Additionally, the number of droplets in the lon-

ger arm can be calculated as n2 ¼ ðL2=U2Þf , where f is the frequency with which the droplets

flow into the asymmetric microfluidic loop. From the above analysis, one can readily determine

critical capillary number of the incoming train required for filtering into the longer arm of an

asymmetric junction34

Caasym ¼
1

1� f

� �3

Casym; (13)

where f ¼ 0:5ðd� 1Þd�1/�1 can be viewed as a morphological parameter dependent on the

asymmetry of the junction and the spatial periodicity of the incoming droplet train. It can be

seen that Caasym diverges as f approaches 1 [Fig. 2(c)]. This illustrates the fact that for a given

junction asymmetry, incoming trains having a void fraction / less than 0:5ðd� 1Þ=d cannot fil-

ter into the longer arm, herein, n2 can never be high enough such that Rn2

2 < R0
1.

We carried out rigorous experiments with both symmetric (L1 ¼ L2 ¼ 10:3 cm) and asym-

metric (L1 ¼ 10:3 cm; L2 ¼ dL1; d ¼ 1:1, 1.2) microfluidic loops to account for transition into

filter regimes.34 In symmetric junctions, filtering could be readily be achieved by ensuring

droplets behave as negative resistors. In asymmetric junctions, when droplets act as negative

resistors, the incoming train always filters, by default, into the shorter arm as it has a lower re-

sistance. To test if stable filtering into the longer arm can occur, we initially force the train to

filter into the longer arm by injecting a stream of ionic liquid to the shorter arm, this external

forcing is subsequently stopped to see if the train continues to filter into the longer arm. We

find that our experimental observations of filtering are inline with our theoretical predictions.

Filter regime in symmetric junctions is accessed by increasing the speed of propagation of the

incoming train; whilst filtering into the longer arm of an asymmetric microfluidic loop is also

accessed by reducing the dilution of the incoming train to increase the number of droplets in

the longer arm.34 Importantly, our experimental measurements of Casym and Caasym agree rea-

sonably well with our theoretical predictions [Fig. 2(c)].

FIG. 2. Schematic of repartition (a) and filter (b) regimes during droplet traffic through microfluidic loops. (c)

Experimental measurements (symbols) of threshold capillary numbers for filtering droplets into the longer arm of a asym-

metric loop, Caasym and in symmetric loops, Casym (inset) agree reasonably well with the theory (solid lines).
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C. Droplet traffic control

The most important consequence of our analysis is the existence of bistability in droplet

routing, where the train can be entirely and stably routed into either arm of an asymmetric

loop. We exploit the existence of this bistability to program oscillatory routing of droplet trains

in microfluidic loops by switching between the two stable flow states. Switching is achieved

with the aid of a switching flow—a stream of continuous phase injected into arm i of the loop

the incoming train is filtering into. Increasing the switching flow rate QCi decreases the rate of

flow into arm i.42 The rate of flow into arm i becomes less than that into the other arm above a

threshold QCi, and the incoming droplets get forcibly routed into the other arm. As filtering into

both arms are stable only a finite pulse of the switching flow needs to be injected. Thus, with

the incoming train filtering into one of the arms of the microfluidic loop, an external trigger in

form of a pulsed injection of the continuous phase of sufficient flow rate and duration into the

said arm is used to stably switch the filtering of the incoming train into the other arm. The min-

imum duration of this pulse, sP, required to switch the filtering from say arm 1 to arm 2, can

be estimated as sP � L2=0:5U0, the approximate time required to fill the entire length of arm 2

with droplets. In our experiments, we used a switching flow rate QC of at least half the total

flow rate into the loop to achieve switching. We readily generated oscillatory bistable flows of

varying periods at the microfluidic loop with programmed injection of pulses of the continuous

phase (sP ¼ 10 s) into both arms of a microfluidic loop. We were able to flexibly tune the peri-

ods of oscillation from 120 s to 20 s [Fig. 3].

In our experiments, we have focused on a system where the droplet viscosity is far less

than that of the continuous phase, k� 1. It would be interesting to know if droplets can act as

negative resistors at higher values of k where the viscous dissipation across the length of the

droplet cannot be ignored. In their recent work, Vanapalli and co-workers directly measured

using a microfluidic comparator, the excess pressure drop across a microchannel through which

a single droplet is convected; they find that the excess pressure drop decreases when k is

increased from 0.03 to 0.88.40 This indicates that with a moderate increase in k it might indeed

be easier to access regimes where droplets act as negative resistors. Additionally, we in our

experiments explore a liquid-liquid immiscible system devoid of surfactants. The presence of

surfactants or trace impurities can cause DPD to increase by a factor of 42=3 due to Marangoni

FIG. 3. (a)–(d) Illustration of oscillatory droplet routing at a microfluidic junction; with the incoming droplet train filtering

into arm i of the loop, a finite pulse of the continuous phase is injected into arm i to switch the filtering into the other arm.

(enhanced online) [URL: http://dx.doi.org/10.1063/1.4819276.1] [URL: http://dx.doi.org/10.1063/1.4819276.2] [URL:

http://dx.doi.org/10.1063/1.4819276.3] [URL: http://dx.doi.org/10.1063/1.4819276.4]. (e)–(h) Plots tracking the trajectories

of the droplet train at an asymmetric microfluidic loop, L2 ¼ 1:2L1 showing oscillatory routing; the arm into which the train

is filtering into is plotted as solid black lines. The time dependent injection of the continuous phase to effect switching is rep-

resented by QCsignal
, which is plotted as dashed black lines. QCsignal

¼ 1 and �1 when the continuous phase at a flow rate of

20ll=min is injected exclusively into arms 1 and 2, respectively, and QCsignal
¼ 0 when there is no injection into either arm.
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stresses at the droplet boundary.43 This should result in the threshold capillary number beyond

which droplets function as negative resistors to increase by a factor of 42. With the use of

higher viscosity continuous phase liquids, such high capillary numbers should still be readily

accessible.

III. CONCLUSIONS

In conclusion, we have described a hitherto unexplored regime in microfluidic droplet

transport where the effective hydrodynamic resistance to flow of a microchannel decreases with

an increase in the number of droplets present. Droplets acting as discrete negative resistors can

exhibit exciting and counterintuitive dynamical response in microfluidic networks, and can also

enable facile control of traffic in such networks. The findings presented here should serve to

further the understanding of the dynamics of droplets ensembles in both man made microchan-

nel networks and natural ones such those that occur in porous media and respiratory airways.

Additionally, we have also shown the use of an ionic liquid as the continuous phase; ionic

liquids, essentially molten salts, have garnered significant attention recently due to their unique

physical and chemical properties which can be readily tuned.44 The use of chemically func-

tional continuous phase along with the ability to regulate droplet traffic in microfluidic network

should aid in extending the reach of droplet microfluidics into yet uncharted territories.

IV. EXPERIMENTAL METHODS

A. Device fabrication

We performed our experiments with microfluidic devices made of PDMS. Standard photoli-

thography techniques were used to fabricate SU8-on-Silicon masters. These masters were subse-

quently used to mold PDMS replicas; in brief a 10:1 weight ratio of PDMS base and curing

agent (Sylgard 180 kit, Dow Corning) was mixed thoroughly and degassed, the mixture was

subsequently poured over the master and cured for approximately 2 h at 70 8C. After carefully

peeling off the master, the PDMS replica was thoroughly cleaned using scotch tape and holes

for the inlets and outlets were punched. Air plasma treatment was used to bond the PDMS rep-

lica to a flat slab of PDMS molded from a plain Silicon wafer (the flat slab of PDMS was

bonded to a plain glass slide prior to this step). After the bonding and glueing of the inlet and

outlet tubes, the microchannel was placed in an oven set at 100 �C for at least 24 h before

being used. This empirical protocol yielded a highly hydrophobic microchannel that did not wet

water, the dispersed phase used in the droplet traffic experiments.

B. Droplet microfluidic experiments

In the experiments to measure the hydrodynamic resistance (Rn) of a microchannel filled

with droplets, we used microchannels with length L¼ 0.683 or 1.66 m, and rectangular cross

section (width w¼ 300 lm and height h¼ 123 lm). Water droplets of length lD, separated by

ionic liquid slugs of length lS, and translating with a speed U were generated at a standard

T-junction droplet generator by pumping in the ionic liquid and water at flow rates qIL and qW,

respectively, using syringe pumps. lD and U were varied systematically by varying qIL and qW.

The schematic of experimental setup is given in Fig. 1(a). A pressure transducer attached to the

water inlet was used to measure pressure drop across the microchannel DP, and subsequently

Rn was calculated as DP=Q, where Q is the total rate of flow through the microchannel given

by Q ¼ qIL þ qW .

Experiments to study droplet traffic at symmetric and asymmetric junctions were carried

out in microfluidic devices comprising of a microfluidic loop located downstream of a standard

T-junction droplet generator. The microchannels had a rectangular cross section (width

w¼ 300 lm and height h¼ 123 lm). Three different microfluidic loop geometries were studied,

one symmetric (L1 ¼ L2 ¼ 10:3 cm) and two asymmetric (L1 ¼ 10:3 cm; L2 ¼ dL1; d ¼ 1:1,

1.2). Ionic liquid and water were pumped into the droplet generator using syringe pumps (PHD

2000, Harvard Apparatus) at flow rates of qL1 and qW, respectively, to form mono disperse
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droplets of water of length lD separated by ionic liquid segments of length lS propagating at a

speed U. lB, lS, and U were all controlled by varying qW and qL1. An additional feed inlet

located downstream of the T-junction droplet generator pumped in ionic liquid at a flow rate

qL2 so as to provide greater flexibility in varying both lS and U. In experiments where the filter-

ing of the incoming droplet train needed to be switched between two arms of the microfluidic

loop, the devices used had two further inlets to pump in ionic liquid into each arm of the loop

to effect switching.34

The details of the flow were captured using a video camera (Basler pi640) mounted on a stereo

microscope (Leica MZ 16). The parameters of the droplet train generated (lD, lS, and U) were meas-

ured and trajectories of individual droplets at the microfluidic loop were analyzed using image proc-

essing algorithms implemented in MATLAB to analyze video micrographs of the flow.
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